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Abstract  The characteristics of the RISØ P2546 cup anemometer were investi-
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measurement of torque characteristics at 8m/s; rotor inertia measurements and 
measurements of friction of bearings at temperatures -20°C to 40°C. The char-
acteristics are fitted to a time domain cup anemometer model, and the cup ane-
mometer is put into the CLASSCUP classification scheme. The characteristics 
are also compared to the requirements to cup anemometers in the Danish wind 
turbine certification system and the CD of IEC 61400-121 from June 2002. 
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Preface 
The following report is the result of investigations and measurements made on 
the RISØ P2546 cup anemometer. The methods and procedures used have been 
developed in the European CLASSCUP project in an international cooperation. 
The same partners have been involved in the measurements on the RISØ P2546 
cup anemometer. Jan-Åke Dahlberg of FOI in Stockholm have made all wind 
tunnel measurements at FOI assisted by Troels Friis Pedersen. Dieter Wester-
mann of DEWI has made the accredited calibration at Oldenburg university. 
Troels Friis Pedersen of RISØ made all inertia and friction measurements, and 
all analysis and reporting. Ole Frost Hansen of RISØ provided details of the 
cup anemometer. 
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1 Introduction 
The present report is an investigation of the characteristics of the RISØ P2546 
cup anemometer. All investigations are made under laboratory conditions and 
the characteristics are presented in figures and tables. The characteristics are 
fitted to a time domain cup anemometer model, and deviations in wind speed 
reading are calculated for various ranges of environmental climatic conditions. 
The cup anemometer is put into the CLASSCUP classification scheme, Ref. 1. 
Characteristics are also compared to the requirements in the Danish wind tur-
bine certification system, Ref. 2, and to the requirements in the CD (committee 
draft) for the IEC 61400-121 standard on power performance, Ref. 3.  
2 Cup Anemometer Type Description 
The cup anemometer is produced by Ole Frost Hansen, RISØ. The RISØ P2546 
cup-anemometer specifications are described in Appendix A. The cup ane-
mometer has three plastic cups, welded by ultrasound on a plastic rotor hub 
with a centre steel part. The cup rotor is mounted on a steel shaft, which is sup-
ported with two bearings, one at the top of the slender neck, and the other in the 
central part of the anemometer body. The anemometer body is made of ano-
dised aluminium. On the bottom of the shaft, a permanent magnet is mounted 
horizontally. The rotational speed is measured with a reed relay, sensing on the 
permanent magnet. The output is a pulse signal with two pulses per rotation. 
Normally, the rotational speed is measured by the time of one whole revolution, 
updated for each half revolution. A sketch of the cup anemometer is shown in 
Figure 2-1.  
2.1 Specific Cup Anemometer for Tests 
Before the tests began, a cup anemometer was selected from a batch of twenty 
newly produced cup anemometers. The criteria for selecting the cup anemome-
ter were based on friction measurements. All manufactured cup anemometers 
are friction tested according to the procedure in Ref. 4. The selected cup ane-
mometer has a friction, which is average for not just the batch of cup anemome-
ter, but for the type as such. In all other aspects the selected cup anemometer 
represent the average of the RISØ P2546a type, where “a” is a code for reed 
relay type detection of rotational speed.  
 
The selected cup anemometer has the production serial number 840. The regis-
tration number in the RISØ VEA instrument database is PFV reg. no. 1364.  
 
All tests are based on this selected cup anemometer. 
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Figure 2-2  Photo of RISØ P2546 
serial # 840, PFV reg. no. 1364 
Figure 2-3  Sketch of RISØ P2546 
with main dimensions 
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3 Wind Tunnel and Laboratory Tests 
The characteristics of the cup anemometer have been investigated in wind tun-
nels and various laboratory tests. The following chapters describe each test in 
detail. 
3.1 Wind Tunnel Calibrations 
The cup-anemometer was accredited calibrated in the anechoic Oldenburg Uni-
versity wind tunnel by DEWI. The calibration was made according to the 
MEASNET calibration procedure, version 1 of September 1998, Ref. 5, and the 
ISO standard on measurements of fluid flow in closed conduits, Ref. 6. The ac-
credited DEWI calibration certificate is attached in Appendix B. This calibra-
tion is the background for the analysis of the cup anemometer.  
 
The cup anemometer was also calibrated in the non-accredited FOI LT5 wind 
tunnel.  
 
The results of the two calibrations are shown in Figure 3-1 and Table 3-1, ac-
cording to the calibration expression: 
cal calU A f B= ⋅ +  
where f is the pulse frequency (two pulses per revolution). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1  Calibrations of RISØ P2546 cup anemometer 
DEWI and FOI calibrations of RISØ P2546
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Table 3-1 Accredited calibration by DEWI in the Oldenburg University wind 
tunnel and non-accredited calibration by FOI in the LT5 wind tunnel 
Institute Slope 
Acal 
Intercept 
Bcal 
R2 Wsp at  
13 s-1 
DEWI 0.62251 0.241 0.999991 8.334 
FOI 0.62684 0.289 0.999992 8.438 
 
The calibration in the FOI LT5 wind tunnel is seen to be 1.3% higher than the 
calibration in the Oldenburg wind tunnel at 13Hz. This is an unacceptable high 
difference for comparison between accredited wind tunnels. It should be men-
tioned, though, that the LT5 wind tunnel in this analysis is used for tilt and dy-
namic tests, where relative differences are important, and not as a calibration 
wind tunnel. The reason for the deviation between the two wind tunnels has not 
been investigated. 
3.2 Measurements of Angular Response 
Measurements of angular response were made in the FOI LT5 wind tunnel. The 
tests were preceded by calibration of the tilt angle device. The cup anemometer 
was mounted on a Ø25 tube, that during the measurements was swept back and 
forth with a sweep rate of about 0,4°/sec to ±40°. Measurements were carried 
out for about 10 minutes in the wind tunnel. The set-up is shown in Figure 3-2. 
 
 
Figure 3-2  Tilt test of the RISØ P2546 cup anemometer in FOI LT5 wind tun-
nel; tilting angle -40° and wind coming from the right 
 
Data were sampled at a frequency of 17Hz for each constant wind speed. All 
data were analysed with a method of bins analysis with a bin size of 2°. Figure 
3-3 shows the result of the tilt tests at 5, 8 and 11m/s. At 8m/s the test was re-
peated in order to verify the reproducibility. 
 
The measurements show an increased response of 1.5% at a tilt angle of 5°, and 
otherwise steep slopes below the cosine function down to about 90%, where the 
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response flattens out and increases again at tilt angles lower than -30°. The an-
gular response measurements are tabled in the following table. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3  Angular response of RISØ P2546 cup anemometer 
 
Table 3-2  Angular response of the RISØ P2546 cup anemometer 
deg 5m/s 8m/s 11m/s
-41,4 0,9426 0,9295 0,9203
-40,0 0,9416 0,9250 0,9185
-38,0 0,9340 0,9176 0,9099
-36,0 0,9263 0,9100 0,9034
-34,0 0,9246 0,9057 0,8977
-32,0 0,9215 0,9048 0,8963
-30,0 0,9201 0,9034 0,8957
-28,0 0,9181 0,9033 0,8947
-26,0 0,9183 0,9034 0,8965
-24,0 0,9169 0,9038 0,8967
-22,0 0,9133 0,9025 0,8978
-20,0 0,9131 0,9027 0,8989
-18,0 0,9174 0,9060 0,9047
-16,0 0,9230 0,9112 0,9122
-14,0 0,9315 0,9218 0,9266
-12,0 0,9433 0,9386 0,9401
-10,0 0,9530 0,9521 0,9545
-8,0 0,9626 0,9661 0,9663
-6,0 0,9740 0,9771 0,9770
-4,0 0,9849 0,9883 0,9873
-2,0 0,9922 0,9944 0,9930
0,0 1,0000 1,0000 1,0000
2,0 1,0022 1,0025 1,0014
4,0 1,0043 1,0062 1,0073
6,0 1,0014 1,0062 1,0080
8,0 0,9976 1,0015 1,0032
10,0 0,9904 0,9887 0,9960
12,0 0,9779 0,9778 0,9802
14,0 0,9645 0,9622 0,9645
16,0 0,9528 0,9500 0,9502
18,0 0,9387 0,9348 0,9328
20,0 0,9272 0,9210 0,9189
22,0 0,9227 0,9120 0,9086
24,0 0,9176 0,9085 0,9037
26,0 0,9139 0,9095 0,9026
28,0 0,9141 0,9080 0,9014
30,0 0,9113 0,9055 0,8998
32,0 0,9088 0,8996 0,8958
34,0 0,9060 0,8948 0,8901
36,0 0,9001 0,8912 0,8855
38,0 0,8981 0,8867 0,8810
40,0 0,8957 0,8832 0,8769
41,3 0,8980 0,8816 0,8761
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3.3 Dynamic Overspeeding Measurements 
Dynamic overspeeding was measured in the FOI LT5 wind tunnel, following 
the procedure of Ref. 1. Gusts were generated with two rotating vanes in the 
outlet section. By rotating the vanes, the wind speed in the wind tunnel is varied 
almost sinusoidal up to frequencies of 2Hz. The tests with the RISØ P2546 cup 
anemometer were preceded by calibration of an angle response test of the pro-
peller anemometer that was used as reference for the gust tests and by quite ex-
tensive tests to verify the placement of the reference propeller anemometer.  
 
 
Figure 3-4  Investigations on propeller positioning in the wind tunnel, with ac-
tual position used in the tests (wind is coming from the right) 
Tests with the propeller anemometer placed at three different upwind locations 
(right, centre and left) in front of the cup anemometer showed no significant 
difference. The position with the propeller to the right of the anemometer, as 
seen in the wind direction, was selected for all gust tests.  
 
The dynamic overspeeding test procedure used is a relative test procedure, 
where the relative overspeeding of the cup anemometer is related to the fast re-
sponding propeller anemometer. The response characteristics of the propeller 
anemometer was not analysed in detail, but it was anticipated to be substantially 
faster than the cup anemometer at the applied frequencies. The tests were con-
ducted over a period of 30 seconds, and the number of pulses of the cup ane-
mometer was related to the number of pulses of the propeller anemometer. 
 
The reference pulse-frequency ratio was measured at the lowest gust frequency 
of 0,033 Hz in the wind tunnel instead of at constant wind speed. This was 
made because the wind tunnel could be kept in a constant gust mode during all 
measurements. The reference conditions at 0,033 Hz were instead frequently 
repeated throughout the test.  
 
Three tests were carried out at 8m/s. Three measurements were made at each 
gust frequency. In the figures, the average of the three measurements is also 
shown. The overspeeding at the highest frequencies are for the turbulence inten-
sities 10%, 16% and 23%, in the order of -0,1%, 0,5% and 1,8%.  
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Figure 3-5Overspeeding of RISØ P2546 cup anemometer at 8m/s and 10% tur-
bulence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-6 Overspeeding of RISØ P2546 cup anemometer at 8m/s and 16% 
turbulence 
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Figure 3-7 Overspeeding of RISØ P2546 cup anemometer at 8m/s and 23% 
turbulence 
 
The overspeeding at all turbulences is seen to spread with almost 1%. At both 
10% and 16% turbulence the overspeeding at all frequencies is very small, and 
does not seem to be above 0,5°. At 23% turbulence the overspeeding increases 
after 0,7Hz and reaches a level between 1,5 and 2%.  
Overspeeding of RISØ P2546 Cup anemometer at 23% turbulence
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3.4 Measurements of Torque Characteristics 
The measurement of the torque characteristics was made at FOI in Sweden with 
the use of a special balance, according to Ref. 1. A thin rod was attached to the 
top of the cup anemometer (seen in the photo below). The rod was passed 
through the top of the tunnel roof (small hole in white paper) and attached to a 
motor (dark rotational symmetric body). The motor was attached to a shaft that 
was mounted in two bearings so that the motor could rotate. The shaft was held 
in place by a balance, mounted on a clamp on the shaft. The balance was cali-
brated after the measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8 Test set-up for rotor torque measurements with thin rod mounted on 
top of cup anemometer and going through hole in ceiling to motor and strain 
gauge bridge measurement system mounted above transparent wind tunnel ceil-
ing 
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Figure 3-9  Torque measurement system with motor in torpedo like housing, 
bearings on spring loaded mounting rod in grey housing and spring balanced 
strain gauge bridge attached to the mounting rod to the left of the light grey 
attachment fixture 
Torque measurements were carried out at 8 m/s at various rotational speeds, 
concentrated around equilibrium tip speed ratio. For each point a 30sec meas-
urement was made. The results are shown in the following table and figure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-10 Torque measurements at FOI at 8m/s on the RISØ P2546 cup ane-
mometer 
Measured Torque of RISØ P2546 at FOI-LT5 at 8m/s
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Table 3-3Table of measured torque of RISØ P2546 cup anemometer 
 
3.5 Step Response Measurements 
Step response measurements are not generic for determination of the character-
istics of the cup anemometer. They were made to check the time domain model. 
The measurements were carried out according to the IEA recommended proce-
dure in Ref. 4, at four different wind speeds The anemometer was released from 
stand still and accelerated until balance with the constant wind speed. The time 
trace of the pulse train was recorded and an exponential curve was fitted to the 
data:  
0 (1 exp( ))
tU U
τ
= − −  
where 0 0/l Uτ =  and 0U  is the step in wind speed from 0m/s. 
Wind speed 
m/s
Angular speed 
rad/s
Torque      
mNm
7,97 19,46 6,759
7,98 21,49 6,056
7,98 23,53 5,347
7,99 26,04 4,300
8,00 27,94 3,722
7,97 29,49 3,205
7,98 31,37 2,545
8,00 32,47 2,205
7,99 34,04 1,652
7,97 35,45 1,173
7,98 35,92 0,987
8,00 36,70 0,632
7,99 37,96 0,220
8,00 38,61 -0,022
8,00 38,90 -0,146
7,99 39,21 -0,236
8,01 39,37 -0,296
8,01 39,52 -0,358
7,99 39,84 -0,498
8,00 40,03 -0,526
8,01 40,94 -0,914
8,01 42,04 -1,433
8,01 43,38 -2,060
8,01 44,39 -2,725
8,02 45,51 -3,354
8,01 47,21 -4,201
8,02 50,04 -5,625
8,02 51,76 -6,504
8,01 53,80 -7,412
8,03 56,00 -8,476
8,03 58,50 -9,522
8,02 60,54 -10,509
8,04 63,06 -11,669
8,03 64,31 -12,315
8,04 68,07 -13,782
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Figure 3-11 Step responses of RISØ P2546 cup anemometer at 3.7, 8.0, 11.9 
and 15.2m/s 
The following results were achieved.  
Table 3-4 Fitted step response measurements of RISØ P2546 cup anemometer 
Distance constant in m Wind speed 
m/s 
Test 1 Test 2 Test 3 
Average 
3,7 2,17 2,13 2,12 2,14 
8,0 2,36 2,14 2,47 2,32 
11,9 2,34 2,10 2,02 2,15 
15,2 2,00 2,18 2,35 2,18 
Overall average 2,20 
 
The overall average of the distant constant measurements is 2,20m. The meas-
urement procedure, though, has a high uncertainty due to a little resolution of 
only to pulses per revolution. Any dependency of the wind speed level cannot 
be concluded from the measurements. 
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3.6 Measurement of Rotor Inertia 
The rotor inertia was measured on the rotor itself, dismantled from the cup 
anemometer body. The rotor was weighed and mounted in three wires to oscil-
late freely around its shaft, Figure 3-12.  
 
 
Figure 3-12 Measurement of inertia of cup anemometer 
 
From the oscillations, the inertia can be found from the formula: 
l
MgrTI 2
22
4π
=  
where: 
 T is average time of one oscillation 
 M is mass of rotor 
 r is radius from axis of rotation to the three strings 
 l is the length of the strings 
 g is gravity acceleration 9,81m/s2 
 
For the RISØ P2546 cup anemometer, the values are: 
0,062M kg=  
0,075r m=  
0,875l m=  
 
Three measurements were made. The results are shown in Table 3-5.  
 
 
 
18  Risø-R-1364(EN) 
Table 3-5 Measurements of inertia of the rotor on the RISØ P2546 cup ane-
mometer 
No. T sec 
1 1,010 
2 1,005 
3 1,007 
 
Average oscillation time is 1,007secT = . The rotor inertia is: 
4 21,01 10I kgm−= ⋅  
The shaft inertia in insignificant. When added, it does not increase the number 
on the second decimal. 
3.7 Measurement of Friction Characteristics 
The friction in the bearings of the cup anemometer was measured with a fly-
wheel test. The rotor was dismantled from the cup anemometer. A flywheel 
with the same weight as the rotor was mounted on the cup anemometer shaft. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The flywheel characteristics were: weight 51g, radius 0,030m, inertia 2,30*10-5 
kgm2. The tests were carried out in a closed and temperature stabilised climate 
chamber. Temperature was controlled with a control system, and the air inside 
the climate chamber was circulated with an air ventilator. The temperature 
could be controlled within ±0,3°C. A stable temperature was established for 
each 5°C or 2°C. The anemometer was at each temperature rotated for a while 
to establish stationary temperature conditions in the bearings. 
 
In order to keep stable temperature environments, all tests were made with ex-
ternal excitation of the flywheel. An electric motor was set to start rotation of 
the flywheel on the cup anemometer at a rotational speed corresponding to 
Figure 3-13  Setup in climate 
chamber 
Figure 3-14  RISØ P2546 cup 
anemometer body with flywheel
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24m/s. After release, the rotational speed was measured during deceleration of 
the rotor.  
 
The describing differential equation of the deceleration is: 
4 3 1/ 2( ) 0.616 ( )dI F R
dt
ω
ω πρ νω= − −  
where ( )F ω is the friction in bearings as function of angular speed, and the 
second term is the air friction of the flywheel with the radius R. The friction in 
bearings is determined by rearranging: 
4 3 1/ 2( ) 0.616 ( )dF I R
dt
ω
ω πρ νω= − −  
A third degree polynomial was fitted to the deceleration, and the derivative was 
taken from the fit. The friction was again fitted to a second order polynomial.  
2
1 2 3( )F f f fω ω ω= + +  
 
The following figures show measured decelerations and fitted friction of five 
tests at -18°C. The results are seen to be reasonably stable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-15 Five deceleration tests of RISØ P2546 cup anemometer with fly-
wheel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-16 Five friction torque measurements of RISØ P2546 cup anemometer 
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Figures 3-17 and 3-18 show measured friction at temperatures form 40°C to -
20°C at two different Y-axis scales. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-17 Decelerations of RISØ P2546 rotor with flywheel at tempera-
tures40°C to -20°C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-18 Friction torque of RISØ P2546 cup anemometer at temperatures 
40°C to -20°C; increased scale to show friction at high temperatures 
 
All friction coefficients are summarized in the following table. 
 
 
 
RISØ P2546 cup anemometer - Flywheel tests
0,0E+00
1,0E-04
2,0E-04
3,0E-04
4,0E-04
5,0E-04
6,0E-04
10 20 30 40 50 60 70 80 90
Angular Speed [rad/s]
Fr
ic
tio
n 
To
rq
ue
 [N
m
]
40deg
35deg
30deg
25deg
20deg
15deg
10deg
8deg
6deg
4deg
2deg
0deg
-2deg
-4deg
-6deg
-8deg
-10deg
-12deg
-14deg
-16deg
-18deg
-20deg
RISØ P2546 cup anemometer - Flywheel tests
0,0E+00
1,0E-05
2,0E-05
3,0E-05
4,0E-05
5,0E-05
6,0E-05
10 20 30 40 50 60 70 80 90
Angular Speed [rad/s]
Fr
ic
tio
n 
To
rq
ue
 [N
m
]
40deg
35deg
30deg
25deg
20deg
15deg
10deg
8deg
6deg
4deg
2deg
0deg
-2deg
-4deg
-6deg
-8deg
-10deg
-12deg
-14deg
-16deg
-18deg
-20deg
Risø-R-1364(EN)  21 
Table 3-6  Friction coefficients of RISØ P2546 cup anemometer and friction at 
8m/s 
Temperature 
1f  
Nm 
2f  
Nm/s 
3f  
Nm/s2 
friction at 
40 rad/s 
Nm 
40°C 9,37e-6 1,85e-7 1,97e-10 1,71e-5 
35°C 1,01e-5 1,95e-7 1,29e-10 1,81e-5 
30°C 1,12e-5 1,82e-7 1,99e-10 1,88e-5 
25°C 9,37e-6 2,97e-7 -6,35e-10 2,02e-5 
20°C 1,19e-5 1,83e-7 7,32e-10 2,04e-5 
15°C 9,03e-6 3,64e-7 -7,26e-10 2,24e-5 
10°C 9,67e-6 4,57e-7 -1,12e-9 2,62e-5 
8°C 1,30e-5 3,70e-7 -7,41e-11 2,77e-5 
6°C 1,02e-5 5,46e-7 -1,73e-9 2,92e-5 
4°C 1,34e-5 4,64e-7 -2,31e-10 3,16e-5 
2°C 1,04e-5 6,26e-7 -1,50e-9 3,31e-5 
0°C 2,51e-5 2,04e-8 4,27e-9 3,27e-5 
-2°C 1,46e-5 6,46e-7 -1,65e-9 3,78e-5 
-4°C 1,66e-5 5,96e-7 -1,21e-10 4,02e-5 
-6°C 9,91e-6 1,02e-6 -3,19e-9 4,56e-5 
-8°C 1,71e-5 1,38e-6 1,22e-9 7,44e-5 
-10°C 2,63e-5 2,87e-6 -9,60e-9 1,26e-4 
-12°C 7,57e-5 2,61e-6 -1,09e-8 1,63e-4 
-14°C 1,01e-4 3,00e-6 -1,23e-8 2,02e-4 
-16°C 1,64e-4 3,18e-6 -1,06e-8 2,75e-4 
-18°C 1,74e-4 5,13e-6 -2,92e-8 3,32e-4 
-20°C 1,93e-4 6,37e-6 -2,97e-8 4,00e-4 
 
The friction as function of temperature is plotted in the following figure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-19  Friction as function of temperature 
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4 Time Domain Modelling 
4.1 The Time Domain Cup Anemometer Model 
The basis for this model is described in Ref. 1. The model takes account of mass 
forces, friction and aerodynamic forces. Aerodynamic forces are normalized to 
a torque coefficient function, which for given values of wind speed and angular 
speed is corrected with an angular response function. 
 
Wind speed definitions 
 
Consider a time dependent 3D wind speed vector with a longitudinal component 
u, a transversal component v, and a vertical component w as input to the cup-
anemometer. 
( , , )U u v w=
G
 
 
The “horizontal” wind speed measures only the horizontal wind speed compo-
nents (length of the wind speed vector, excluding the vertical component): 
If the cup anemometer has a cosine angular response, the vertical component w 
automatically is filtered away, and it covers completely the “horizontal” wind 
speed definition. 
 
The “vector” wind speed measures all three vector components (length of the 
wind speed vector): 
 
If the cup anemometer has a flat angular response, then it covers completely the 
“vector” wind speed definition. 
 
The difference between these two definitions is dependent on the turbulence 
intensity. For 15% turbulence in a flat terrain, the difference is about 0.5%, and 
for 30% turbulence it is about 1%.  
 
Angular response 
 
The angle of the wind incident upon the cup rotor is: 
 
2 2
tan wA
u v
α =
+
 
The angular response of the cup-anemometer is thus: 
 
 
∫ +=
t
vuU 22
G
 
∫ ++=
t
wvuU 222
G
 
( , )U F U Uα α= ⋅
G G
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where U
G
 is the length of the instantaneous three dimensional wind speed vec-
tor, ( , )F Uα α
G
 is the angular response function (interpolation in table) and U is 
the driving wind speed to the cup-anemometer rotor, i.e. the equivalent wind 
speed perpendicular to the rotor shaft.  
 
Governing equations 
 
The torque on the rotor is a sum of aerodynamic forces and friction forces:  
 
( ) ( , )A QA fQ Q Q Tλ ω= +  
The aerodynamic torque is found from the aerodynamic torque coefficient curve 
through the aerodynamic speed ratio: 
21 ( ) ( )
2A t QA QA
Q AR U U Cτρ λ= −  
QA
t
R
U U
ωλ =
−
 
Bearing friction is interpolated between frictions at different temperatures:  
 
2
0 1 2( ) ( ) ( )fQ f T f T f Tω ω= + ⋅ + ⋅  
The driving torque differential equation is: 
dI Q
dt
ω
=  
from which the rotational speed is calculated numerically with the Euler method 
with small time steps in time domain: 
1 Q t
I
ω∆ = ∆  
 
4.2 Fitting of Data to Cup Anemometer Model 
The torque measurements on the cup anemometer, measured at a certain tem-
perature, shall be fitted to both the accredited calibration line, measured at an-
other temperature, and the cup anemometer model. The fitting to the accredited 
calibration line is necessary for the model to accomplish all static and dynamic 
characteristics. The fitting includes an offset correction of the torque measure-
ment mQ∆  and determination of a threshold wind speed tU . 
 
The speed ratio is defined as: 
t
R
U U
ωλ =
−
 
where the threshold wind speed tU  is smaller than the calibration offset calB . 
The accredited calibration at temperature calT =20,2°C and air density 
31, 221 /cal kg mρ = is: 
10,62251 / 0, 241 /
2cal cal cal cal
NU A f B A B ms Hz f m sω
π
−
= + = + = ⋅ +  
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The aerodynamic torque coefficient is derived from the measured torque at am-
bient temperature Tτ =10,3°C and air density τρ =1,263 and added bearing fric-
tion at this temperature: 
2
( , ) ( , )
1 ( )
2
m f
QA
t
Q U Q T
C
AR U U
τ
τ
ω ω
ρ
+
=
−
 
The measured torque was corrected with the value 0,000205602mQ Nm∆ = , 
and the threshold wind speed was found to 0,220 /tU m s= . The measured 
aerodynamic torque data were fitted to an 11th degree polynomial, with the fol-
lowing expression: 
2 9 10
0 0 1 2 9 10( )( .... )qa QAC a a a a aλ λ λ λ λ λ= − + + + + +  
The generalized aerodynamic torque coefficient is shown in Figure 4-1 and Ta-
ble 4-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-1  Aerodynamic torque coefficient of RISØ P2546 cup anemometer 
 
Table 4-1  Table of aerodynamic torque data fitted to 11th degree polynomial, 
where 0 0, 2925051QAλ =  
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Geometric cup anemometer data for the time domain model are shown in the 
Table 4-2 
Table 4-2  Geometric cup anemometer data 
Parameter Value 
Radius to cup  R                 [m] 0,058 
Cup area A                          [m2] 0,00385 
 
 
The fitting of data to the cup anemometer model results in a little deviation from 
the calibration line. Figure 4-2 show deviations of the calibrated points of the 
accredited calibration from the calibration line, and simulation of the calibration 
with the time domain model. It is seen, that the data fit the calibration line 
within 0,0065m/s. The non-linear curve is due to the influence of friction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-2 Deviations from calibration line for accredited calibration and cor-
responding simulations 
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5 Parameter Sensitivity Analysis 
The time domain model can be used to calculate responses to different varia-
tions of influential parameters. The following chapters show the influences of 
such variations of parameters with the base in a reference case. This reference 
case considers measurements of horizontal wind speed and utilizes 25 Hz and 
ten minute 3D time series of wind speed data at the atmospheric conditions: 
• average wind speed 10m/s 
• turbulence intensity 10%  
• isotropic turbulence 
• length scale 500m 
• air temperature 10°C 
• air density 1,23kg/m3 
• slope of terrain 0° 
5.1 Response to Air Temperature Variations 
Temperature variations influence the friction. The following figure shows the 
response at varying temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-1  Response of RISØ P2546 cup anemometer to temperature varia-
tions 
5.2 Response to Air Density Variations 
Air density variations influence the ratio of friction versus aerodynamic forces. 
The following figure shows the response at varying air densities. 
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Figure 5-2  Response of RISØ P2546 cup anemometer with air density varia-
tions 
5.3 Response to Turbulence Variations 
Turbulence variations influence the response to angular variations and over-
speeding effects. The following figure shows the response at varying turbu-
lence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-3  Response of RISØ P2546 to turbulence variations 
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5.4 Response to Length Scale Variations 
Length scale variations influence the frequency content of the turbulence and 
thus the response to overspeeding effects. The following figure shows the re-
sponse at length scale variations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-4 Response of RISØ P2546 cup anemometer on length scale 
5.5 Response to Inclined Flow 
Inclined flow variations influence the angular response. The following figure 
shows the response at inclination variations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-5 Response of RISØ P2546 on variations in slope of terrain 
 
Influence of Length Scale Variations from Reference Case
-0,10
-0,08
-0,06
-0,04
-0,02
0,00
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Length Scale [m]
D
ev
ia
tio
n 
"M
ea
su
re
d"
 [m
/s
]
Scale
Influence of Slope Variations from Reference Case
-0,50
-0,45
-0,40
-0,35
-0,30
-0,25
-0,20
-0,15
-0,10
-0,05
0,00
0,05
0,10
-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Slope [deg]
D
ev
ia
tio
n 
"M
ea
su
re
d"
 [m
/s
]
Slope
Risø-R-1364(EN)  29 
5.6 Response to Plane Sinusoidal Longitudinal 
Wind Speed Fluctuations 
The response to sinusoidal longitudinal wind speed was simulated at 25Hz. Ten 
minute data files with 3D artificial wind were made, from which the response 
was calculated. The following figure shows a time trace at 8m/s and 23% turbu-
lence at the beginning of one ten minute data series. The calculations always 
start in equilibrium at the starting wind speed. It is seen, that within one cycle, 
the cup anemometer has already reached a steady response.  
 
All gust measurements that were made in the FOI wind tunnel have been simu-
lated and are presented in the figures below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-6  Time domain response of sinusoidal wind speed 
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Figure 5-7 Overspeeding at 8m/s and 10% turbulence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-8 Overspeeding at 8m/s and 16% turbulence 
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Figure 5-9 Overspeeding at 8m/s and 23% turbulence 
 
The simulations are seen to predict quite good the measured overspeeding. Es-
pecially at 23% turbulence, the simulated data follow the measured data very 
nicely, and the sharp increase from 0,4Hz and upwards is simulated very accu-
rately. At 10% turbulence, there seem to be a loop in the measured data points, 
which is not shown in the simulation. Up to 0,3Hz the overspeeding seem to 
take a negative loop and from 0,3Hz to 0,7Hz it takes a positive loop. This 
shows, that the cup anemometer has a small sensitivity to low frequencies. The 
reason why the simulation does not include these small variations is, that the 
torque coefficient curve needs to be even more detailed than the 11th power 
polynomial fit. For the accuracy of the analysis in this report, though, this is 
anticipated not to have any significant influence. 
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6 CLASSCUP Classification 
The cup anemometer is now analysed in order to make a classification of opera-
tional uncertainties according to the CLASSCUP classification procedure, Ref. 
1 and 7.  
6.1   Classification Ranges 
The classification is divided into four categories, two climatologic ranges and 
two wind speed definitions, the vector wind speed (including all turbulence 
components) and the horizontal wind speed (excluding the vertical turbulence 
component). The climatologic ranges are shown in the following two tables.  
 
Table 6-1 Normal Range (Typical operational ranges for wind turbine power 
performance measurements at ideal sites, Ref. 8) 
Parameter Normal range 
 Min Ave Max 
Wsp (10min) [m/s] 4 4-16 16 
Turb.int. 0,03 0,10 0,12+0,48/V 
Turbulence structure 
σu/σv/σw. 
 
1/0,8/0,5 (non-isotropic turbulence) 
Length scale Lk [m] 100 500 2000 
Air temp. [°C] 0 10 40 
Air density [kg/m3] 0,9 1,23 1,35 
Slope [°] -5 0 5 
Ice, snow, rime con-
ditions 
 
Not included 
 
Table 6-2 Extended Range (Typical operational ranges for wind turbine power 
performance verification measurements including complex terrain) 
Parameter Extended range 
 Min Ave Max 
Wsp (10min) [m/s] 4 4-16 16 
Turb.int. 0,03 0,10 0,12+1,13/V 
Turbulence structure 
σu/σv/σw. 
 
1/1/1 (isotropic turbulence) 
Length scale Lk [m] 100 500 2000 
Air temp. [°C] -10 10 40 
Air density [kg/m3] 0,9 1,23 1,35 
Slope [°] -15 0 15 
Ice, snow, rime con-
ditions 
 
Excluded 
 
The classification ranges are a combination of an absolute and a relative devia-
tion, defined as: 
 
(0.1 / 0.01 ) / 2ClassRange ClassIndex m s U= ⋅ + ⋅  
 
The ClassIndex is set to fixed numbers: 0.5, 1, 2, 3, 5. The evaluation of a cup 
anemometer should find the ClassRange for normal and extended climatologic 
ranges in order to derive the ClassIndex, to be compared to the fixed ClassIndex 
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numbers. The actual ClassIndex or the fixed ClassIndex should be used in the 
cup anemometer uncertainty evaluation regarding operational characteristics. 
Calibration uncertainty, uncertainty due to mast and boom effects, and eventu-
ally terrain uncertainty in power performance measurements, Ref. 8, shall be 
added separately. 
6.2 Wind Generation Model 
The time domain model of the cup anemometer is able to calculate the response 
to any time domain input of wind speed. From the ranges of operation, artificial 
wind is generated as input time series.  
 
The turbulence model used to generate the 3D wind files for the calculations in 
this report is made by Jacob Mann. Ten minute time series of 25Hz data are 
made for each calculation. The input data for the model are taken from the op-
erational ranges of the parameters in the tables above. In this way all relevant 
operational conditions can be tested and a sufficient database to determine over-
all deviations is made. 
6.3 Classification Response Plots 
The ClassIndex plot of RISØ P2546 for normal category is based on 336 calcu-
lations of 10min time series of 25Hz data, derived from the range of clima-
tologic values in Tables 6-1 and 6-2. The ClassIndex plot for extended category 
is based on 560 calculations. The classification is made for the horizontal wind 
speed definition only.  
 
The result for the extended category, 6,24, is higher than was found for earlier 
cup anemometer type P2445, Ref. 7, which concluded that the extended cate-
gory was 5. The reason for the higher ClassIndex of P2546 is that the simula-
tions covered more values in the operational range intervals, and not just the 
extremes. 
6.4 Summary of CLASSCUP Classification  
The following table summarizes the classification according to Ref. 7. 
 
Table 6-3 CLASSCUP ClassIndex of RISØ P2546 cup anemometer with respect 
to horizontal wind speed definition, fixed ClassIndex values in parenthesis  
Definition Normal Extended 
Horizontal 1,99 (2) 6,24 (above 5) 
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Figure 6-1 Classification of RISØ P2546 cup anemometer Normal category - 
Horizontal wind speed definition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-2 Classification of RISØ P2546 cup anemometer Extended category - 
Horizontal wind speed definition 
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7 Compliance with Danish Certifica-
tion System Requirements  
The Danish certification system has set up requirements for cup anemometers 
used for power performance measurements in relation to wind turbine certifica-
tion. A sub-committee set up the requirements with participants from testing 
institutes connected to the Danish certification system. The requirements are 
collected in document Ref. 2. 
 
The characteristics of the RISØ P2546 cup anemometer are related to these re-
quirements in the following.  
 
1) The wind speed is referred to the horizontal wind speed, which is required 
 
2) The angular characteristics of the RISØ P2546 cup anemometer are shown in 
the following figure, in which the requirements are also shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-1  Angular characteristics of RISØ P2546 cup anemometer and DK 
certification requirements 
 
The angular characteristics are seen to meet the requirements. At -10°, though, 
the characteristics are on the limit as the curves coincide with the requirement 
cos band.  
 
3) The distance constant was found in chapter 8 using the IEA recommendation. 
The average of the measured distance constant was 2,20m, which is below the 
required 3m. 
 
4) The overspeeding was measured according to the method developed in the 
CLASSCUP project and the results are shown in chapter 6 for 16% turbulence 
up to 1,8Hz. The average overspeeding is maximum 0,5% at 1,8Hz. The aver-
age overspeeding is above a minimum of -0,2%. The simulated overspeeding at 
higher frequencies is shown in the following figure. The maximum level at 
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higher frequencies is seen not to exceed 0,5% either. The overspeeding is thus 
below 3% and above -0,5% at 15% turbulence, which is required. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-2  Calculated overspeeding at 15% turbulence 
 
5) The friction requirements are shown in the upper red curve in the figure be-
low. All friction data of the P2546 cup anemometer are seen to be substantially 
lower than the requirement at all temperatures from -6°C to 40°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-3 Friction requirements in DK certification system and friction of 
RISØ P2546 
 
6) The cup anemometer is not known in calibration or field measurements to 
have any positions of the rotor at which the torque is zero or negative. It does 
always start at low wind speeds, independent of rotor position, and thus meets 
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7) The cup anemometer body is rotational symmetric and the cable is mounted 
from below and positioned in the mounting tube. Therefore, the calibration is 
independent of wind direction, and therefore, the requirements are met. 
 
8) The linearity always meets the requirement 0.99995r ≥ . Calibrations are 
made by accredited calibration institutes, which always meet the requirement. 
Otherwise, instruments shall not be used. 
 
9) The cup anemometer is ultimo 2002 CE marked. 
 
10) The requirements of a field comparison is not met, since this should be 
made with the same type of cup anemometer. Field comparisons with a direc-
tionally calibrated sonic anemometer are planned, also for comparison of wind 
tunnel and laboratory tests with field operation. 
 
I) The anemometer has three cups as required 
 
II) The neck is long and slim and rotational symmetric as required 
 
III) The body is slender and symmetric as required 
 
IV) The line connection is through the bottom of the cup anemometer and the 
supporting tube as required 
8 Compliance with IEC61400-121 
Committee Draft 
The CD of IEC 61400-121 proposes a procedure for classification of cup ane-
mometers, Ref. 3.  
 
The characteristics of the RISØ P2546 cup anemometer are related to these re-
quirements in the following.  
 
Angular characteristics 
 
The angular characteristics is applied a weighting due to turbulence. The turbu-
lence shall be 20% and the relation between the vertical and longitudinal turbu-
lence components shall be 0.8. This corresponds to 16% isotropic turbulence, 
which is shown in the following figure. The response may not deviate by more 
than 1% for a class 1 anemometer. 
 
It is seen that the cup anemometer only meets the requirements from -20° to -
17°. 
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Figure 8-1 Tilt response relative to cup anemometer requirements of IEC 
61400-121 CD 
 
Friction in bearings 
 
The friction may not deviate more than 1% for a class 1 anemometer. In the fol-
lowing figure, the simulated deviation from the calibration is possible for tem-
perature down to -5°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8-2 Deviation from calibration due to temperature and friction 
 
Field comparison in flat terrain  
 
A field comparison with a directional sonic anemometer in flat terrain is 
planned, but available at present. A comparison with the P2445 type cup ane-
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mometer was made in the SITEPARIDEN project (Antoniou 2001). The results 
from this report are not unambiguous, but the results seem to be at the limit of   
-1%, which corresponds well with the calculated tilt response and calculated 
overspeeding.  
9 Conclusions 
The characteristics of the RISØ P2546 cup anemometer were investigated in 
detail by wind tunnel and laboratory tests. The characteristics include accredited 
calibration, tilt response measurements for tilt angles between -40° to 40°, gust 
response measurements at 8m/s and turbulence intensities of 10%, 16% and 
23%, step response measurements at step wind speeds 3,7, 8, 11,9 and 15,2m/s, 
measurement of torque characteristics at 8m/s, rotor inertia measurements and 
measurements of friction of bearings at temperatures -20°C to 40°C.  
 
The cup anemometer characteristics were fitted to a time domain cup anemome-
ter model. The model was verified to simulate the wind tunnel measurements 
with rather high accuracy. The characteristics were transformed into the 
CLASSCUP classification scheme, and the result for horizontal wind speed 
definition was a normal category class 2 (1,99) and an extended category more 
than class 5 (6,24).  
 
The cup anemometer characteristics were related and verified to comply with 
the cup anemometer requirements in the Danish certification system. At -10° in 
tilt response, though, it is on the limit. The characteristics were also related to 
the cup anemometer requirements in the IEC 61400-121 Committee Draft. The 
result was that they did not comply regarding tilt response, except for a small 
range about -20°. Friction was in compliance down to -5°C. Field comparison 
with a sonic has not been made for the specific type P2546 for the time being.  
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Annex A   Technical Specifications of 
RISØ P2546 Cup Anemometer 
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Annex B   Calibration Certificate 
from DEWI 
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